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Abstract

An outstanding problem facing the cloud modeling and remote sensing community is to improve satellite-
derived cloud microphysical and macrophysical properties when a single cloud layer exists within a tem-
perature range for which a combination of water and ice particles may be present. This is typically known
as a “mixed-phase” cloud condition, and is prevalent when the cloud-top temperature lies between —40°C
and 0°C. In this paper we report on a sensitivity study of the spectral signature of mixed-phase clouds
in the infrared terrestrial window region (8—13 um). Mixed clouds are assumed to be a vertically uni-
form cloud layer composed of a mixture of pristine hexagonal ice crystals and spherical water
droplets.

Unlike the conventional approach that derives the bulk scattering properties of mixed-phase clouds by
a linear weighting of the contributions of ice and water components, the bulk single-scattering properties of
mixed-phase clouds are formulated on the basis of fundamental physics. With the aid of a line-by-line radiative
transfer model and a discrete ordinates radiative transfer (DISORT) computational program, we investigate
the high-resolution spectral signature, expressed in terms of brightness temperature, of mixed-phase clouds
with various effective sizes, ice fraction ratios, and optical thicknesses. Small particles are found to have a
significant impact on the infrared spectral signature of mixed-phase clouds when the size discrepancy between
the ice and water particles is large. Furthermore, the simulation results show that the infrared radiative spectrum
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associated with cirrus clouds can be quite different from their counterparts for cirrus clouds even if a small
amount of water droplets exist in the mixed-phase cloud layer.
© 2003 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Clouds typically cover a substantial portion of the globe and thus are important to the Earth’s cli-
mate. They reflect solar radiation, absorb the thermal emission from the ground and lower atmosphere,
and emit infrared (IR) radiation to space. An outstanding problem for the satellite remote sensing
and radiative transfer communities is the treatment of mixed-phase clouds, i.e., clouds that may con-
tain a mixture of both water and ice particles. Treut et al. [1] showed that shortwave and longwave
radiative forcings are substantially different for two cloud parameterization schemes developed for
mid-level, mixed-phase clouds. Other studies [2,3] have also shown the importance of mid-level,
mixed-phase clouds on the radiation budget. Additionally, mixed-phase clouds have implications for
aviation safety. Riley [4] discussed possible safety hazards due to flight in mixed-phase conditions,
which lead to aircraft icing, and suggested that aircraft may be traveling through mixed-phase clouds
at least 20% of the time.

Current operational satellite retrieval efforts typically assume that clouds are either completely
liquid or ice phase. Because of a lack of observational datasets until recently, there has been much
uncertainty regarding the composition of clouds that reside at temperatures between —40°C (the
homogeneous nucleation temperature) and 0°C. In fact, mixed-phase conditions in the atmosphere
are common. Observations recorded over a four-month period by Shupe et al. [5] in the Arctic show
that only about 34% of all cases are pure ice clouds or pure liquid clouds. The remaining cases
are essentially mixed-phase clouds with coexisting ice particles and liquid droplets. Pinto et al. [6]
and Girard and Curry [7] observed an abundance of mixed-phase clouds in the Arctic that occurred
over a broad temperature range from —34°C to —5°C. As satellite-borne cloud retrieval products
are derived under the assumption that clouds are composed entirely of either water or ice particles,
mixed-phase clouds pose a problem that deserves attention. We note that no current global cloud
product analyses support operational retrieval of cloud macrophysical or microphysical properties
when both water and ice are present.

Young et al. [8] used the lidar-radiometer (LIRAD) method to provide detailed information on
the IR emittance of clouds [9] during the Experimental Cloud Lidar Pilot Study (ECLIPS) in 1989
(ECLIPS I) and 1991 (ECLIPS II) in Aspendale, Australia. Young et al. [8] also presented a number
of cases of mid-level clouds observed in 1991 as part of ECLIPS II, wherein the cloud temperatures
ranged from —25°C to 0°C. The ice phase tended to dominate at temperatures below —20°C, while at
temperatures between —20° and —5°C, water and ice were identified in roughly equivalent amounts
(note that the depolarization lidar was used to determine the dominant phase).

Hogan et al. [10,11] have documented the characteristics of mixed-phase clouds from the 1998
Cloud Lidar and Radar Experiment (CLARE) as observed by a suite of ground-based and airborne
instruments. In their two case studies, the lidar returns were sensitive to the presence of supercooled
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water droplets, while the radar echoes were dominated by the presence of large ice particles. The
water droplets were found to have small effective radii, ranging from 2 to 5 um. The supercooled
water clouds tended to occur in geometrically thin (100—200 m) layers. Hexagonal ice plates were
found to grow quickly within the cloud layer. Robert and Tokay [12] explained the existence of
supercooled water at the top of cold clouds. Although some observations of mixed-phase clouds
have been conducted by using lidar or radar facilities [13], relatively less effort has been focused on
the issue regarding the spectral radiative effect of mixed-phase clouds.

In this study, we focus our attention on the inference of mixed-phase cloud properties in the IR
window region. Atmospheric radiation in the IR atmospheric windows region contains a wealth of
information that may be useful for the retrieval of cloud properties. For the remote sensing of cloud
properties, the use of IR spectral radiance has some prevailing advantages over the use of visible and
near-infrared bands. First, it is usually problematic to detect and analyze optically thin (or subvisual)
clouds at visible or near-infrared wavelengths with an exception of 1.38 um spectral band that is
particularly effective for retrieving thin cirrus reflectance [14]. Thin clouds tend to be radiatively
important in IR region because of strong absorption [15]. Second, an IR analysis approach may be
employed operationally regardless of solar viewing conditions (i.e., both day and night). It has been
demonstrated that high-spectral resolution interferometric measurements can be used to retrieve both
cloud altitude [16] and cloud properties [17]. However, previous retrieval efforts have assumed that
clouds are either in liquid or ice phase.

While mixed-phase clouds may occur quite frequently in both hemispheres at higher latitudes, there
is very little discussion on this issue in the scientific literature. The intent of the present study is first
to formulate the bulk single-scattering properties of mixed-phase clouds based on those derived for
the polydisperse systems composed of either ice crystal or water droplets. It is well known that cirrus
clouds are composed of ice crystals with a variety of shapes. Because this paper is mainly concerned
with the sensitivity of IR spectral radiative signature of mixed-phase clouds, we simplify the issue
by assuming that mixed-phase clouds are composed of a uniform mixture of pristine hexagonal ice
crystals and spherical water droplets. Second, the single-scattering properties of mixed-phase clouds
and their dependence on effective size and the ratio of ice water content (IWC) to total water content
(TWC) are discussed. Finally, with the use of a line-by-line (LBL) radiative transfer code and the
discrete ordinate radiative transfer (DISORT) [18] method, we investigate the high-resolution IR
spectral brightness temperatures for various mixtures of ice crystal and water droplets. These results
are compared subsequently to the cases for pure ice or pure water clouds.

2. Single-scattering properties of mixed-phase clouds: basic formulation

To retrieve cloud properties from satellite- and aircraft-borne measurements, the absorption and
scattering properties of clouds, and in particular their spectral variation, must be known. The particles
in liquid water clouds can be well approximated as liquid spheres, and their optical properties can
be computed using the Lorenz—Mie theory [19]. In this study we computed the optical properties
for liquid water clouds using the computational code developed by Wiscombe [20] by assuming a
gamma size distribution. Various in situ observations have demonstrated that cirrus clouds consist of
non-spherical ice crystals [e.g., [21,22]]. A number of studies [e.g., [23—25]] have computed single
scattering properties for ice crystals at IR wavelengths, demonstrating that the non-sphericity of ice
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crystals can substantially affect the optical properties of these particles. In the present study the
scattering and absorption properties of hexagonal ice crystals were calculated using a combination
of the finite-difference time-domain (FDTD) technique and the stretched scattering potential method
(SSPM) for sizes ranging from 1 to 1000 pm, which has been reported by Yang et al. [25].

Let us consider a mixed-phase cloud that is assumed to be an externally uniform mixture of
ice and water particles. The extinction coefficient, f., of the mixed-phase cloud is the sum of the
contributions of water and ice components, given by

Lmax 3 wc 3 LWC
e = eiAi i L ewAw w =3 ei) I~ ~ ew/) ~ s 1
p QudmdL+ | Quudmndr =3 (Qu) =+ 5 (e - (1)
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where Q. is the extinction efficiency, 4 is the projected area of the particle, » is the number density,
p is the mass density, and the subscripts i and w denote ice and liquid particles, respectively. In Eq.
(1) the mean extinction efficiency (Q.), effective size D., and the ice water content /IWC are given by

J‘Lmax QeiAinidL

(Qei) = “mo — (2)
ff;j:* AinidL

3 fLmei:X VinidL

Dz , (3)
“ 2 fLL"?ax Ai}’lidL
Lmax
IWC = p; / VinidL, (4)
Lmin

where L is the characteristic length of ice crystals. In the case for a water component, D.,,, LWC, and
(Qew) can be defined in a manner similar to that for the ice component of the mixed-phase cloud.

The effective size of a polydisperse cloud particle system provides a measure of the average size of
the cloud particles for a given size distribution. The effective size for water droplets with a specific
size distribution can be defined as the ratio of the third moment to the second moment of particle
radius for the polydisperse particle system [26], as water droplets are usually modeled as spherical
particles. Unlike water droplets, ice particles are not spherical. There are various ways to define
the effective size of ice crystals (D). Grenfell and Warren [27] found that representing each ice
particle by a collection of independent spheres with the same ratio of volume to surface-area as the
individual ice particles is a better approach than using the “equivalent” spheres defined in terms of
equal-volume or equal-area. More commonly, the effective size of non-spherical particles is defined
on the basis of the ratio of total volume to total projected-area [25,28-31].

We denote the TWC, ice fraction (y), and effective density (p.) of the mixed-phase cloud as
follows:

TWC = IWC + LWC, (5)

wc

e (©)
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It can be shown (see appendix) that the effective size of the mixed-phase cloud, D, is exactly given
as follows:
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Evidently, the effective size of a mixed-phase cloud is given by the effective sizes associated with the
ice and water components, ice fraction, and the effective density. Note that Eq. (8) is mathematically
exact, and avoids the error associated with the ad hoc weighting procedure in the conventional way
for evaluating the effective size of mixed-phase cloud particles. Through substitution of D, into Eq.
(1) and with the definitions of TWC, 7, and p., a simple formulation for the extinction coefficient
can be derived:

(7)
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where the mean extinction efficiency (Q.) is given by
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Similarly, the mean absorption efficiency (Q,) can be defined as
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Note also the similarity of the extinction coefficient for the mixed-phase cloud (Eq. (9)) and those
for single (ice or water) phase clouds [which are represented by the two terms in Eq. (1)]. From
these definitions, a simple form of the asymmetry parameter for mixed-phase clouds (g.) can be
obtained (see appendix for details):

<g > _ <gA>(<Qei> B <Qai>)Depcy (<Qew> - <Qaw>)Depe(l — 'y)
¢ ' (<Q6> - <Qa>)Deipei (<Qe> - <Qa>)Dewpew .

In Egs. (9)—(12), the mean scattering efficiencies, extinction coefficient, asymmetry parameter, and
effective size are defined in a rigorous manner without introducing any error. Additionally, these
quantities for mixed-phase clouds are expressed exactly as functions of the single scattering prop-
erties of ice and water. Thus, the present formulation allows the single scattering properties of
mixed-phase clouds to be computed directly from those of ice crystals and water droplets. Further-
more, existing parameterization schemes of the bulk optical properties of ice and water clouds can be
employed to derive the bulk optical properties of mixed-phase clouds in a straightforward manner.

+ (gw) (12)

3. Single-scattering properties of mixed-phase clouds: sensitivity to microphysical variations

The derivation of the single scattering properties in the previous section allows us to investigate
how the radiation field is modulated as the microphysical configuration of the mixed-phase cloud is
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Fig. 1. The variations of the effective size D. of mixed-phase clouds vs. the ice fraction ratio fraction 7. (a) Dew =5.0 pm,
Dqi = 20,40, 60,80, 100 pum, (b) Dei = 50.0 pm, Dey = 2,4,6,8, 10 pm.

altered. Fig. 1 shows the effective size of mixed-phase clouds particles and their variations vs. the size
of ice crystal (D), water droplets (Dey ), and the fraction of ice y. As indicated in Fig. 1, the effective
size of mixed-phase clouds is between the size of D.; and D, and varies smoothly with the parameter
y. When y =0, the mixture is entirely liquid water and D, is exactly D.y; when y =1, the cloud is
entirely ice and D, reduces to D.;. The formulation given by Eq. (8) for the effective size gives the
smaller particles more weight. For example, when y = 0.5, the effective size of mixed-phase clouds
always tends towards the smaller size rather than the mean value. This is expected, as the number
of small particles is much larger than the number of large ones when y =0.5.

Fig. 2 presents the mean extinction efficiency, absorption efficiency, and asymmetry factor for
different sizes of ice crystals (D = 12,25, and 50 pm) within the spectral range 813 pm. The
calculations for Fig. 2 were performed using the parameterization scheme developed by Yang et al.
[25] on the basis of the optical properties of ice crystals associated with 30 in situ size distributions.
The mean extinction efficiency of ice crystals depends strongly on wavelength, particularly for small
particle sizes in the spectral region 10—12 um. An extinction minimum at approximately 10.5 pm
is noted, which corresponds to the Christiansen band of ice [32,33]. This extinction minimum be-
comes deeper as crystals become smaller. Because of the Christiansen effect, there is a spectral
signature associated with cirrus clouds in the atmospheric window region. For a large particle sizes
(Dej =50 pm), the spectral variation of the extinction efficiency is relatively smooth. As the sum of
scattering and absorption effects, the total extinction efficiency of ice crystals in 8-9.5 um spectral
region is nearly independent of particle size. This feature is useful to the retrieval of cirrus optical
thickness.

The bulk absorption efficiency of cirrus clouds are related to the imaginary component of the
refractive index of ice. In addition, the absorption of ice crystals depends on wavelength and the
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Fig. 2. Mean extinction efficiency, absorption efficiency, and asymmetry factor for various effective sizes of ice crystals
(Dej = 12,25, and 50 pm).
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Fig. 3. Mean extinction efficiency, absorption efficiency, and asymmetry factor for various effective sizes of water droplets
(Dew =4,10, and 20 pm).

effective size of the particles, as is shown in Fig. 2. The absorption efficiency has a rapid variation
with wavelength in the 10—12 um spectral region, particularly for small ice particles. This feature
is useful for determining the effective size of ice crystals in cirrus clouds by using high-resolution
IR atmospheric spectral measurements. The asymmetry factor for cirrus is quite large (> 0.9) in the
atmospheric window, implying that the scattering of the incident radiation by ice crystals in the IR
region is typically in forward direction.

Fig. 3 shows the single scattering properties for water droplets using various effective sizes at
wavelengths across the atmospheric window from 8 to 13 um. Compared to the single scattering
properties of ice crystals in Fig. 2, the spectral variation of the extinction efficiency for water clouds is
much smoother, particularly for small particle sizes. The asymmetry factor for water clouds is smaller
and its spectral variation is smoother than for ice clouds. The absorption efficiencies are different for
ice and water clouds due to the different imaginary parts of the refractive indices for ice and water.

From Egs. (10)—(12), it is evident that the single scattering properties of mixed-phase clouds
are functions of the scattering properties of the ice crystals and water droplets, their sizes, and ice
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Fig. 5. Same as Fig. 4, except Dei =25 pm, D¢y = 6 pm.

fraction ratio. Fig. 4 shows the variation of the mean single-scattering parameters of mixed-phase
particles with respect to the parameter y and wavelength. It can be seen that the mean extinction
efficiency, absorption efficiency and asymmetry factor of mixed-phase particles vary between the
values for ice phase and liquid phase. When 7y is 1, the single scattering properties of mixed-phase
clouds reduce to that of ice, as one of the curves in the Fig. 2. Conversely, the single scattering
properties of mixed-phase clouds reduce to that of water droplets if y approaches 0. For other values
of y, the single scattering properties of mixed-phase clouds vary smoothly between those for the
ice and water components. It is interesting to note in Fig. 4 that 12 pm ice crystals and 10 pm
water particles have almost the same extinction efficiency at a wavelength of 8 um and the same
absorption efficiency at a wavelength of 13 um.

Fig. 5 is the same as Fig. 4, except that the size difference between the ice and water particles is
larger (19 um in Fig. 5 vs. 2 um in Fig. 4). Compared to Fig. 4, it is seen that the single scattering
properties of mixed-phase clouds have more rapid variations with y due to the larger size difference
of the two phases. For example, when 7 varies from 1.0 to 0.9, the variation of extinction and
absorption efficiency is almost 40% of the total change (from y =0 to 1); however, when y varies
from 0.1 to 0, the variation of extinction (and also absorption) efficiency is less than 5% of the
total change. This implies that the small size particles have more contribution to the variations in
the single scattering properties of mixed-phase clouds at these wavelengths.
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Figs. 6 and 7 show the variation of the single-scattering parameters as the effective size D, changes.
Unlike the ice or water droplets, the single scattering properties of mixed-phase particles are not
unique for a specific effective size D, (e.g., Fig. 4). Instead, the scattering properties are determined
by the single scattering properties of both ice crystals and water droplets, the effective sizes of these
particles, and the fractional ratio of the ice component. Therefore, the relationship among these
factors is quite complex, and further study is necessary to fully understand the relationship among
them.

Fig. 7 shows a scatterplot of the single-scattering parameters of mixed-phase clouds for a fixed
ice fraction ratio (y = 0.5) when D,; varies from 10 to 180 pum and D, varies from 2 to 50 pum.
Although the single-scattering parameters are not uniquely determined by effective size D, the single
scattering parameters of mixed-phase clouds are strongly dependent on D.. When y =0 or 1, the
scatter-plot in Figs. 6 and 7 will reduce to a curve for water droplets or ice crystals in which the
single-scattering properties are uniquely determined by the effective size of the particles.
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Fig. 8. The brightness temperature of ‘typical’ cirrus, water clouds and mixed-phase clouds. (a) Cirrus cloud: D¢i=12 pm,
cloud base height 10.0 km, thickness 0.8 km, optical thickness 1.0 when Q. =2.0. (b) Water cloud: D¢y = 10 pm, cloud
base height 2.0 km, thickness 1.0 km, optical thickness 100. (c¢) Mixed-phase cloud: D¢y = 10 pm, Dej = 12 um, y = 0.5
(resulting in D, = 10.95 um) cloud base height 8.0 km, thickness 1.0 km, optical thickness 1.0 when Q. = 2.

4. IR (8-13 um) spectral signature of mixed-phase clouds

To investigate the spectral signature of mixed-phase clouds in the atmospheric terrestrial window,
upwelling brightness temperatures (BTs) are calculated at aircraft level (20 km) using the DISORT
code and the single scattering properties of ice clouds, water clouds and mixed-phase clouds as
defined in Section 2. The optical thicknesses of the clear sky atmosphere layers are computed with a
LBL radiative transfer model, accounting for the radiatively important gases in the atmosphere (i.e.,
H,0, CO,, O3, N,O, HNOj3, CHy, etc.). The line parameters are taken from HITRAN-2000 [34]. The
continuum absorption of water vapor within 8—13 pum is considered by using the parameterization
of Roberts et al. [35]. The spectral resolution used in the present IR radiative transfer calculation is
0.01 cm™~!.

The US standard atmospheric profiles (including profiles of temperature, pressure, water vapor
and ozone) are used in the LBL calculations. The profiles of other trace gases are assumed to have
a constant mixing ratio at every level. The atmosphere is interpolated into 100 layers below 30 km.
The cloud temperature is assumed to be the same as the atmospheric temperature at that level. The
surface is assumed as a blackbody (emissivity is 1) with temperature of 288.15 K.

Fig. 8 shows the brightness temperatures of “typical” cirrus (with small ice crystals), water clouds,
and mixed-phase clouds as observed at the altitude of 20 km (aircraft level). Even in the 8-13 pm
atmospheric window spectral region, many strong absorption lines are observed due to the gases in
the atmosphere. The primary absorbing gases in this wavelength region are H,O, O3, and CO,, with
minor absorption by other trace gases such as CH; and N,O. If an atmospheric layer is completely
opaque at a certain wavenumber due to the presence of strong absorption by a trace gas, the BT at
that wavenumber is largely unaffected by the cloud. Otherwise, the BT at a given wavelength is the
combination of transmitted radiation from the surface, the atmosphere, and the clouds.

A comparison between the BTs of small particle cirrus and water clouds in Fig. 8 reveals some
remarkable differences in their spectral features. The overall pattern (i.e., without accounting for the
minima caused by absorption lines) of the BTs of water clouds is almost independent of wavelength,
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thickness 1.0 when Q.=2. Cirrus clouds: D, =10,25, and 100 pm, mixed-phase cloud: D¢ =25 pm, Dew =10 pm, y=0.5
(yielding D, = 14.56 pm).

but the overall pattern of the BTs of cirrus clouds varies significantly with wavenumber between
750 and 1000 cm~!. This behavior may be explained by the different extinction efficiencies of water
droplets and ice crystals. Fig. 2 shows that the extinction efficiency is strongly wavelength dependent
for small ice crystals. Although the extinction efficiency of water clouds has a smooth variation with
wavelength, Fig. 8b shows almost no variation with respect to wavelength because of the large
optical thickness of the water cloud that prevents radiation from the surface from being observed.
Therefore, shown in Fig. 8b is a combination of the thermal radiation of water clouds and the
atmospheric radiation above the clouds where the radiation of the cloud looks like a blackbody with
the temperature of the cloud.

The radiative signature of mixed-phase clouds in Fig. 8c is different from those of the cirrus and
water clouds. The overall pattern of the BT spectrum of the mixed-phase cloud within the atmospheric
window is smoother than that of small-particle cirrus, yet not as flat as that of the opaque water
cloud. This signature is the result of scattering and absorption properties of mixed-phase clouds that
vary with the microphysical properties such as the effective size D,, and fraction of ice 7.

Fig. 9 shows the BT spectra for cirrus clouds with different effective sizes D.;. The BTs of a
mixed-phase cloud are also provided for comparison. The spectral variations of the BTs from 800
to 1000 cm ™! show a rapid increase with wavenumber for small ice particles. The amplitude of the
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slope within the wavelength range increases with decreasing ice particle size. This effect was noted
as a “S” shape of cirrus forcing by Chung et al. [36] and was reported previously by Smith et al.
[15]. This structure is useful for retrieval of the small ice particle sizes that sometimes occur in cirrus
on the basis of IR spectral radiance measurements. The BT spectrum from 1060 to 1250 cm~! is
less sensitive to the effective sizes of ice crystals than to the optical thickness. Therefore, the spectral
radiance of cirrus within this wavelength region is useful for retrieving the optical thickness of cirrus
clouds. When the ice crystal and water droplets coexist, the radiative signature changes significantly.

The absorption lines in Figs. 8 and 9 are due to the absorption of gases such as water vapor,
ozone, carbon dioxide and other trace gases. To retrieve the properties of clouds from the high-
resolution spectral measurements, we are not interested in the detailed absorption lines of atmospheric
molecules, which vary drastically with wavelength. Therefore, we use the radiance observations in
narrow micro-windows that have relatively few gaseous absorption lines and are dominated by the
radiance from clouds. By using microwindows across the spectrum, the spectral “profile” of the
cloud can be found. We will discuss the variations of IR spectral signature of mixed-phase clouds
to the microphysical parameters of ice and water droplets within 40 microwindows between 750 and
1250 cm~! for the remainder of the paper.

Fig. 10 shows the variations of the BT spectra for mixed-phase clouds as the parameter y changes.
The fluctuations around 1050 cm™! are due to the influence of ozone absorption in the 9.6 um band
where no atmospheric windows could be found. When y=0, the cloud consists totally of liquid water
droplets, and the BT spectrum for this case reflects that. Similarly, when y =1, the BT spectrum
corresponds to that of an all-ice particle cloud. For other values of y, the BT spectra are between
those for ice and water clouds.

Consider the case of two cloud layers, one of ice and one of water, with both layers having the
same visible optical thickness. If the water cloud contains a high number of small particles, the
IR optical thickness (e.g., at 1000 cm™!) of that layer will be lower than the ice cloud due to the
extinction efficiencies. The result is that the BT of the water cloud layer will be higher than that of
ice clouds.

Fig. 11 shows the variations of the BT spectrum of mixed-phase clouds as a function of the
optical thickness. As expected, the BT spectrum is quite sensitive to optical thickness, as the BT
decreases by 12-20 K when the optical thickness varies from 0.1 to 1. The reason is that the BT
spectra of both ice and water clouds are sensitive to optical thickness. The BTs are more sensitive to
the optical thickness when the clouds are located at a higher altitude (i.e., at a colder temperature).

Figs. 12 and 13 show the variations of the BT spectra of mixed-phase clouds for various effective
sizes. The variation patterns are very complicated because the scattering and absorption properties
of mixed-phase clouds are not uniquely determined by the effective size. These variations are re-
lated to the sizes of the ice crystals, water droplets, and the fraction ratio of ice, as well as the
single-scattering properties of ice crystals and water droplets.

Compared to Fig. 9, the spectral signature of the mixed-phase cloud changes significantly when
small liquid-phase particles are mixed with the pure ice particles. As is evident from Fig. 12, the
smallest water droplets make a larger contribution to the BTs of the mixed-phase clouds. Because of
the smaller extinction efficiency of water clouds in the IR (see Figs. 2 and 3), the optical thickness
of the mixed-phase clouds is smaller than that of ice-only clouds. The larger the effective size of
ice particles, the smaller the optical thickness of mixed-phase clouds when the ice fraction y is kept
constant. For this reason, mixed-phase clouds with large ice particles have a smaller optical thickness
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and thus higher brightness temperature. When the size of water droplets increases to 20 pm, this
effect becomes much smaller. At this point, the BTs of the mixed-phase cloud are almost constant for
a range of different sizes of ice particles, except for the small ice particle case when Dy = 10 um.
When this occurs, it is problematic to retrieve the effective size of the cloud particles from the
high-resolution spectral observation. The spectral signature of the mixed-phase cloud also varies
substantially when different effective sizes are used for ice crystals (Fig. 13), in particular, when the
smaller ice crystals are mixed with large water droplets.
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In general, the spectral radiation of mixed-phase clouds changes with the sizes of both ice crystals
and water droplets, and the fraction of ice (y). The small particles of either ice or water phase have
a significant impact on the radiative signature of these clouds when the fraction of ice is constant.
Therefore, minor amounts of small water droplets have an important influence on the radiative
signature of mixed-phase clouds, and therefore should be considered in the retrieval of the physical
and optical properties of cloud residing at temperatures where a mixture of water and ice particles
is possible.

5. Summary

The formulae of the single-scattering and absorption properties for mixed-phase clouds are de-
rived from the properties of ice crystals and spherical water droplets. The extinction coefficient for
mixed-phase clouds is expressed in the same form as for ice-phase or liquid-phase clouds. The ex-
tinction efficiency, absorption efficiency, and asymmetry parameter of mixed-phase clouds and the
variations of their effective size and ice fraction ratio are discussed. High-resolution spectral bright-
ness temperature of mixed-phase clouds for different effective sizes, ice fraction ratios, and optical
thicknesses have been calculated. We find that the presence of small water droplets has a substan-
tial contribution to the spectral signature of mixed-phase clouds when the fraction ratio of ice is
held constant. The spectral signature of mixed-phase clouds are compared to pure ice-phase cirrus,
showing that the spectral signature of mixed-phase is quite different from that for cirrus clouds even
if a minor amount of small water droplets are included in the mixed-phase cloud layer. This effect
should be considered for the retrieval of the mid-level cirrus where the presence of small amounts
of liquid water droplets is a possibility.

In addition to the effective size and optical thickness of ice crystals and water droplets as discussed
in the paper, other factors such as the ice crystal habits, particle size distribution, cloud height, and
cloud temperature may affect the brightness temperature of mixed-phase clouds. The spectral radiative
signature of mixed-phase clouds depends on the effective size of ice crystals and water droplets, their
single-scattering properties and the aforementioned other factors. For practical applications involving
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mixed-phase clouds, further research effort is required to parameterize the infrared radiative properties
of these clouds.
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Appendix A. Effective size and mean asymmetry factor of mixed-phase clouds

Using the definition of the effective mixed-phase cloud that is consistent with that for cirrus
clouds (e.g., [25]), we can represent the effective size as a sum of the effective sizes of ice and
water components (from Eq. (3)) as follows:

3 ffmf:* VimdL + [ Vynydr

_ : | (A1)
T2 [ gmdL+ [ Agngdr
Via simple rearrangement of Eq. (4), we get an expression for the integrated volume
Lo
max mwc
/ VimidL = (A2)
Lmin Pi
and substituting this expression into Eq. (3) and rearranging yields
Lo Loax 1/,
max 3 ), VimdL 3 mwC
/ AndL == Jis == . (A.3)
Lo 2 De; 2 Deip;

Similar expressions for water droplets exist. Substituting Eqs. (A.2) and (A.3) and their correspond-
ing water droplet equations into Eq. (A.1), and using the definition of y yields Eq. (8).

Using this definition of D., the transformation of the sum of the extinction coefficients given in
Eq. (1) can be shown to be the simple relation given in Eq. (9). Eq. (1) can be rewritten to express
the extinction coefficient . as follows:

LWC ) <IWC LWC >“

3 mwc
.= — i) T + ew +
ﬂ 2 <<Q >Deipi <Q >Dewpw Deipi Dewpw
(IWC LWC> (IWC LWC>1

X + T
Deipi Dewpw Pi Pw
IWC  LWC

y ( o ) (IWC + LWC)™!

x(IWC + LWC). (A.4)
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The first term in Eq. (A.4) is the effective extinction efficiency (Q.) of the mixed-phase cloud, as
given in Eq. (10). The remaining terms of this equation are 1/D., 1/p., and TWC (Egs. (6)—(8),
respectively).

The derivation of the effective asymmetry parameter (g.) is similar. Starting with the definition
of the asymmetry parameter for a two-component cloud, we get

I gi( Qe — Qui)AimdL + ™ gy(Qew — O )JAwiydr

(ge) = : (A.5)
S (Qai — Qu)AimdL + [ (Qew — Ouw )JAwidr
Using the following two simple relationships
Lmax f (O — Oui)AimidL
{(Qei — Qui)AimdL = L
/L e = O = e~ QAL
Linax Limax
X / (Qei — Qai)AimdL = (gi) / (Qei — Qui)4imdL (A.6)
Linin Lnin
and
Lo " (Qei — Qui)AimidL 3 IWC
ei — Oui)AimdL = “rmn = ((Qei — Oai)) 5 , A7
/Lmin (Q Q ) " fLLm"l:X Ail’lidL <(Q Q )> 2 Deipi ( )
together with the definition of y, we get
<gi><(Qei - Qai)>7’ + <gw><(Qew - Qaw)>(1 - V)
<g > — Deipi Dewpw ) (A 8)
¢ <(Qei — Qai)w + ((Qew — QaW)>(1 - V) '
Deipi Dewpw
However,
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B Deipi Dewpw Deipi Dewpw
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and substituting Eq. (A.9) into Eq. (A.8) yields, after some manipulation, Eq. (12).
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